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Chapter 13

Valence, Charge Transfer, and Carrier
Type for B"Sr 2 Ca Cu 0 and Related

High-Temperature Ceramic Superconductors

T. E. Jones, W. C. McGinnis, R. D. Boss, E. W. Jacobs,
J. W. Schindler, and C. D. Rees

Naval Ocean Systems Center, Code 633, San Diego, CA 92152-5000

Samples of the bismuth-based high temperature super-
conducting family Bi2Sr2CanIC'nO2n+4+6 have been pre-

pared and characterized by x-ray diffraction,
and temperature-dependent resistivity and thermoelec-
tric power measurements. Both of the high temper-
ature superconducting phases reported in the liter-
ature, with transition temperatures near 80K and 110K,
have been observed. Evidence from thermoelectric
power measurements is presented which shows that this
family of ceramic superconductors has contributions
to the electrical transport that is both electron-
like and hole-like. However, all of the superconduc-
ting transitions observed involve hole-like states.

With the recent discovery of the new high temperature
ceramic superconductors based on both bismuth (1.2) and thallium
(3.4), there is renewed interest in the electronic states of these
materials and, in particular, the charge transfer to and from the
Cu-O planes vis-a-vis the YBa2 Cu307 family. With no Cu-C chains /
in the bismuth (5) and thallium (4) materials, the role of the
Bi-O and TI-C planes is being investigated via thermoelec-
tric measurements. The absolute thermoelectric power (thermopower)
of a material generally yields the sign of the dominant charge n For
carrier and, as in Hall effect measurements, distinguishes between
electron-like (n-type carriers) and hole-like (p-type carriers)
conduction. In the previous high temperature superconductors,
(La,Sr)2CuO4 and YBa2Cu3O7, both the normal state conductivi- ' E
ty and the superconductivity have been shown to be due to hole-
like states (6.,7). In the lanthanum material, doping with a diva-
lent element, barium or strontium, in place of the trivalent
lanthanum, effectively removes electrons from the Cu-C planes
leaving conducting hole-like states. Also, x-ray photoemission '/
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156 CHEMISTRY OF HIGH-TEMPERATURE SUPERCONDUCTORS II

spectroscopy (8,9) shows that doping creates holes in the Cu-O
planes. However, in the heavily doped lanthanum material (25%
strontium replacement), evidence from thermoelectric power measure-
ments extended above room temperature have been reported which
suggest that there is also a contribution to the normal conductivity
frozr electrons (6). In the yttrium material, empirical atom-atom
potential calculations (I0,1i), extended Huckel molecular orbital
calculations (12) and bond-valence calculations (13) imply electron
transfer from the Cu-O planes to the Cu-O chains. In addition,
the results of substitutional studies with zinc and gallium by
Xiau et al. (14), show that it is the Cu-O planes which are impor-
tant for superconductivity, rathe- than the Cu-O chains, in
YBa2 Cu307 •

Ir the bismuth family of materials, one could argue that elec-
trons may be transferred from the Bi-O planes to the Cu-O planes.
Because bismuth presumably goes into the material in the valence +3
state, partial conversion to bismuth +5 would require hole states
on the bismuth planes and electron states on the Cu-O planes. If
such electron transfer occurs and the charge carriers in these
materials reside on the Cu-O planes (as in the other copper oxide
superconductors), then conduction would be due to n-type elec-
tronic states. This would be quite different than in the
other copper oxide high temperature superconducting ceramics,
where the superconductivity comes from paired hole states. On
the other hand, band structure calculations of Hybertsen and
Mattheiss indicate that the Bi-O planes in effect dope the Cu-O
planes with additional holes, that is, that electrons are trans-
ferred from the Cu-O planes to the Bi-O planes (15). Assuming
these calculations are correct, there may be an n-type contribution
to the conductivity from the Bi-O planes, but the superconductivity
would be very similar to that observed in all other copper oxide
superconducting ceramics to date, that is, due to pairing of holes
in the Cu-O planes.

These considerations have provided the motivation for the
experiments described in this paper. Specifically, we would like to
answer two questions: Is the conduction in the bismuth family of
superconductors due to electrons or holes, and which carriers con-
dense into the superconducting state at each of the observed
superconducting transitions in the bismuth family?

Sample Preparation and Characterization

Samples were prepared from Y203 (Aesar, 99.99%), BaCO 3 (Aesar,

99.997%), CuO (Aesar, 99.999%), Bi 0 (Aesar, 99.9998%), SrCO32 33
(Aesar, 99.999%), and CaCO3 (Aesar, 99.9995%), all of which were

used as received. The YBa2Cu 3O7, sample 1, was prepared from the

constituent oxides and BaCO 3 . The powders were mixed and calcined

at 950°C for 16 hours in air, ball-milled to a fine powder, pressed
into pellets and sintered at approximately 955°C for 12
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hours in oxygen. It was then cooled at 2°C/min. to approximately
550°C in oxygen, annealed at 550°C for 6 hours in oxygen, cooled to
350*C at 2°C/min. in oxygen, and furnace cooled to 200°C in oxygen.

Samples 2-5 were prepared with nominal compositions of
Bi:Sr:Ca:Cu in the molar ratios of 2:2:1:2, 2:2:2:3,
4:3:3:6, and 4:3:3:6, respectively. Samples 2 and 3 were calcined
in porcelain crucibles for 5 hours at 860*C, then ground and
pressed into pellets which were then baked on alumina disks at 860eC
for 86 hours. Sample 3 was then baked for an additional 72 hrs at
875°C.

Samples 4 and 5 were calcined for 12 hours at 860°C, ground,
then recalcined at 860*C for 12 more hours. After regr'nding and
pressing into pellets, the pellets were baked on an zlumina disk at
865*C for 65 hours in air, concluding with a slow cool in oxygen.
This material was then baked further in air for 41 hours at
880*C. During this 880°C bake the sample material reacted to
produce a bronze colored coating on the exposed surfaces and react-
ed with the alumina substrate to produce a green colored materi-
al. This green material formed small stalagmites which lifted the
pellets about 1 mm above the alumina disk. The crystalline-
appearing pellet material supported by the stalagmites constitutes
sample 4, with properties reported in this paper. The green stalag-
mite material is being chemically analyzed. Sample 5 was processed
as number 4, but with 70 hours of additional furnace time at 880°C.
This sample resembled sample 4 but it also had a glossy black crystal-
line appearing surface.

All samples were characterized by powder x-ray diffraction,
using Cu K-c radiation on material taken from each pellet
after all processing. The diffraction pattern for sample I agrees
with literature data for the yttrium 1:2:3 layered perovskite
structure. The diffraction patterns for samples 2-4 are shown in
Figure 1. The pattern for sample 3 is in excellent agreement with
those of Tarascon et al. (5) and Takayama-Muromachi et al. (2).
Therefore, we believe sample 3 is mostly Bi2Sr2Can- CUnO2n+4+6 with

n=2. While all three patterns are similar there are some differ-
ences, which may be reflective of the basic differences in the
electrical properties of the samples. It should also be noted
that a diffraction pattern from sample 4 taken prior to the
final 880*C bake was essentially equivalent to that of sample 3,
with the exception of a large peak at an angle 2e=320 .

An examination of sample 2 with an optical microscope shows
no apparent crystallinity on that scale. Similarly, sample 3
shows little bulk crystallinity on an optical scale, but
several small domains of microcrystallinity were dispersed
throughout the material. The appearance of both samples 2 and 3
were independent of whether or not the surface had been in con-
tact with the alumina substrate. Conversely, samples 4 and 5 had
different appearances for the surface in contact with the alumina
and the other surfaces. The surface which was in contact with the
alumina was black but essentially microcrystalline everywhere.
Microscopy of the other surfaces revealed small golden colored bars,
with the remaining area being black in coloration. It is also of
note that the surface in contact with the alumina had, prior to
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the final 880°C bake, grown flat plate-like whiskers which were
not present after the 880*C bake. The stalagmite-like formations
were not very crystalline visually, and contained regions of various
colors.

Electronic Properties

Each of the five samples described above were shaped with hand tools
into rectangular bars approximately 2 mm x 2 mm x 4 mm. They were
mounted in a closed-cycle He-4 refrigerator in such a way that
the thermopower and four-probe resistance of all samples
could be mt,3sured d,,ring a single cooling/warming cycle.
This arrangemei.t is shown schematically in Figure 2.

The thermopower data was obtained using a slow a.c.
differential technique (16) in which a small, slowly oscillating
thermal gradient is produced across the sample, and the resultant
thermoelectric voltage measured at the sample ends. The temperature
gradient was produced by alternately heating two parallel quartz
blocks (each wrapped with Manganin wire heaters) which were
bridged by the samples. The blocks were bonded (using G.E. 7031
varnish) to a brass sheet, which was in turn attached (with a thin
layer of Apiezon N grease) to the copper stage on the
cold-head of the refrigerator. The temperature Tstage of the

refrigerator stage was monitored with a calibrated silicon
diode. The samples were soldered, along with the thermoelectric
voltage leads (134 copper; Belden 8057), to the edges of the quartz
blocks with indium. The temperature difference AT between the two
quartz blocks (that is, the temperature drop across the sample)
was measured using a copper/constantan/copper differential
thermocouple whose junctions were indium soldered to the
quartz. The time-averaged temperature difference 6T between
one of the quartz blocks and the refrigerator stage was also
monitored with this type of thermocouple. The average sample
temperature T is then given by Tstage + 6T.

At a given temperture, the thermopower of each sample was mea-
sured as follows. The voltage of the block-to-block thermocouple
was plotted on an X-Y recorder versus the thermoelectric voltage
measured across the sample, AV, as the blocks were alternately
heated at a frequency which varied with temperature, but which was
in the range of 0.02-0.05 Hz. The thermocouple voltages were con-
verted to a temperature difference using tabulated values (17) of
dV/dT = S - S, . The resultant trace, apart from tran-

constantan Cu
sient behavior as the heater current was switched from one
quartz block to the other, was a straight line whose temperature-
converted slope, AV/WAT, equals the sample thermopower minus the
thermopower of the copper voltage leads. After the heating current
is switched to the other block, the trace is completed to form a
closed loop. The block-to-block temperature difference, AT, was
usually less than 1K.

Normally, the thermopower measurenents would be performed at a
constant T . It was more convenient, however, to take mea-

.......... . . . . =,=, .n mn~uum sutnageN im
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Figure 1. X-ray scans for samples 2-4.
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Figure 2. The apparatus for measuring the thermopower.
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surements while the refrigerator, which was continually pumped
by a liquid nitrogen trapped diffusion pump, very slowly warmed
at a rate of about 0.5 K/min. As a typical trace required about 30
seconds to complete, this mode of operation introduced very little
error and greatly sped data acquisition. Before each set of
thermopower traces at a given temperature, readings of the
four-probe resistance were taken by closing the current source
switch shown in Figure 2. For convenience, the current was sent
through the center connections on the samples (using the same type
of wire as the voltage leads) and the voltage measured at the end
connections. Reversing the current and voltage leads gave the same
resistance values. Within experimental accuracy, the thermopower
values measured with and without the current wires attached to
the samples were the same.

The temperature dependent thermopower of the copper voltage
leads is required in order to obtain the samples' absolute
thermopower. For temperatures below 91K, sample I is super-
conducting and therefore has zero thermopower, which allowed a
direct determination of the absolute therropower of the copper
voltage leads. The copper thermopower values from this self-
calibration agree with the results of Crisp et al. (18), as correc-
ted by the new thermopower scale of Roberts (19), throughout
this temperature range. The values of SCu used to analyze the

thermopower data of the samples were a composite of a fit to the
voltage lead data taken on sample 1, for T < 91K, and the high
temperature data of Crisp et al., for T > 91K.

Errors in thermopower measurements can arise from several
sources. The main source of error in this experimental
configuration was an approximately 10% uncertainty in the tem-
perature difference AT across the samples due to uneven heating of
the quartz blocks. For temperatures above 91K, values of the
samples' absolute thermopower may be off by as much as 0.25 MV/K,
depending on the values of SCu used. The error in the sample

temperature T was relatively small, approximately ±0.3K. The
resistivity data contain a fixed error of about 10% due to uncer-
tainty in the measured sample dimensions.

Results of the thermopower and resistance measurements for
samples 1-4 are displayed in Figures 3-6, respectively. In Figure
3, the YBa2 Cu307 resistivity data show the usual superconducting

transition at 94K. The thermopower for this sample is positive
above this temperature, indicating hole-like carriers, and drops to
zero at the transition. The data are very similar to that obtained
by Uher et al. (7) As shown in Figure 4, the thermopower and
resistivity of sample 2 both vanish at approximately 80K. The
thermopower reaches its maximum positive value just above the
superconducting transition, and decreases from there with rising
temperature. The thermopower changes sign from positive to negative
at about 200K, indicating that electrons become the dominant
carriers above this temperature. Figure 5 shows that the thermo-
power and resistivity of sample 3 both go to zero at about 90K.
In contrast to sample 2, holes appear to be the dominant
carrier throughout the temperature range investigated.
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Figure 3. The resistivity (triangles) and absolute thermoelec-
tric power (circles) for sample 1, YBa2 Cu3 07, as a function of
temperature.
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Figure 4. The resistivity (triangles) and absolute thermoelec-
tric power (circles) for sample 2, nominal composition
Bi 2Sr 2CaCu20a+6, as a function of temperature.
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The data in Figure 6 show that sample 4 is a mixed-phase sample
with superconducting transitions near 110K and 80K. This may indi-
cate that sample 4 has the composition Bi2 Sr2Can iCUnO2 n+4+6 with a

mixture of the n=3 and n=2 phases, respectively. The thermopower
data suggest that both phases are dominated by hole-like carriers.

The resistivity versus temperature for sample 5 is illustrated
in Figure 7. Sample 5 was not made in time to be included in the
thermoelectric measurements. This sample has enough of the higher
temperature phase that no lower transition is apparent in this mea-
surement. The onset transition temperature is about 115K and the
midpoint of the transition is 106K. Magnetization and thermoelec-
tric power measurements on this sample are in progress and will be
reported in a subsequent publication.

Discussion

The bismuth family of layered superconducting structures pre-
sents a formidable challenge to understand. The set of crystal
structures represented formally as Bi 2Sr 2Can-iCunO2n+4+6 may be an

idealized oversimplification of the possible structures. Unlike
the YBa 2 Cu307 structure, where the correct structure is obtained

by reacting the constituent materials in the desired final a-
mounts, these bismuth materials apparently require initial compo-
sitions which are off stoichiometry. This makes it more diffi-
cult to achieve a desired composition and results in extraneous
x-ray peaks due to non-reacted materials and other by-products of
the synthesis. Three of the four bismuth samples described in
this paper were made from different nominal compositions, they
all showed distinct x-ray spectra, and they all had differ-
c-nt ---"-pnrt pro:)p-ls. Nowo,,er. there are several observations
which can be made. Three of the four bismuth samples showed a
lower temperature superconducting transition with a midpoint in the
range of 80-90K. Many samples similar to those described here
show partial higher temperature superconducting transitions
near 110K. As illustrated in Figure 6, sample 4 has a significant
fraction of this higher temperature transition showing in both
the resistivity and thermopower. Also, as shown in Figure 7,
sample 5 appears to be all high temperature phase. Rcwevar, thr
resistivity is not the best measurement to study multiphase samples.
The magnetization measurements currently in progress should reveal
what fraction of sample 5 is in the higher temperature superconduc-
ting phase, and how much remains, if any, in the lower temperature
phase.

In all of the superconducting transitions observed, the
superconductivity is due to the pairing of holes, as evidenced by
the abrupt decrease in the thermopcwer from a positive value. The
thermopower decreases to zero at the lower transition as expected.
However, there are numerous known cases where the thermopower h~s
the opposite sign of the carrier charge. The noble metals are a
classic example. The measured thermopower has both positive and
negative contributions, from holes and electrons, respectively, each
of which can be enhanced by such effects as phonon drag and
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inelastic scattering. Significant electronic contributions to the
thermopower are therefore possible even though the net thermopower
is positive. However, at the transition, those carriers which pair
into the condensed superconducting state lose their ability to
Sinerate a diffusion-driven thermoelectric voltage. Thus, the
abrupt drop in the thermopower for the mixed phase sample 4, more
than the fact that the thermopower is positive, implies pairing of
holes. That is, the thermopower abruptly becomes less positive or
more negative in an algebraic sense, precisely at the superconduc-
ting transition because the pairing of holes diminishes their posi-
tive contribution to the diffusion thermopower. This is particular-
ly incisive for sample 4, the mixed phase sample, because this
abrupt drop takes place at the higher temperature transition, coin-
cident with the resistance drop, even though there is no percolation
path shorting the sample, which would mask the effect. Once a
superconducting percolation path shorts the sample, the thermopower
will go to zero independent of whether it is due to electrons or
holes.

This picture is consistent with the band structure calcu-
lation mentioned in the introduction (15), where electrons are re-
moved from the Cu-O planes leaving p-type carriers. It is these
p-type carriers which give the superconductivity in this class of
bismuth superconductors at both the lower and higher temperature
transitions. The question to be answered then, is what acts as
the sink for the transferred electrons? The bismuth cations are
unlikely sites for the transferred electrons (when 6=0) because the
bismuth is already in its lowest valence state. However, it is
possible that the transferred elect:ons are due to extra oxygen
atoms between adjacent Bi-O layers. In this case, 6 becomes finite
and some Bi ions in the Bi-O planes can now be considered formally
valence +5 and the Bi-O planes can then serve as a sink for elec-
trons from the Cu-O planes. Evidence that this might be the case
can be inferred from x-ray data of Tarascon et al. (5), showing a
partial extra oxygen occupancy near 0.06, implying that 6=0.06.

Thus, in this picture, the Bi-O planes function in an analo-
gous way to the chains of Cu-O in the YBa 2Cu307. That is, elec-

trons are transferred from the Cu-O planes due to the partially
occupied oxygen sites in the Bi-O interplanar regions in the
former material, and to the Cu-O chains in the latter. The de-
tails of the charge transfer are different, but the results are the
same.

The thallium material, believed to form in a similar set of
layered structures specified as, Tl2Ba2Can- CUn 02n+4+6, is not dis-

cussed experimentally in this paper. However, one can easily
conjecture that a similar transfer of electrons may occur in
that material. This transfer may be greatly facilitated in the
thallium compound because the thallium has a lower valence state
available. Hence, the thallium cations themselves could serve
as sinks for the transferred charge without the ancillary re-
quirements of Cu-O chains, as in the yttrium material, or of extra
oxygen atoms in the structure, as may be the case for the bismuth
superconductors.
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